Background aNSCs supply the adult brain with new neurons in most vertebrate species [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, only in some species such as zebrafish or salamanders do aNSCs contribute to successful neuronal regeneration after injury [13] [14] [15] [16] . Given the importance of aNSCs in the intact brain and the potential therapeutic applications of NSCs for brain regeneration in the case of brain injury or neurodegenerative diseases, it is important to investigate their cellular behavior with the aim of understanding the processes controlling their maintenance in the intact brain or recruitment during regeneration.
differentiating into neurons 17, 23 . The newborn neurons are continuously generated and deposited immediately below the proliferative zone (Fig. 1a) in a manner reminiscent of hippocampal neurogenesis in mammals 1, 5, 32 , and they allow the continuous growth of the fish telencephalon.
The advantageous localization of aNSCs in zebrafish meant that we could establish an in vivo imaging procedure that allowed us to monitor aNSC behavior repetitively over time 23 in their intact niche. Using this technology, we observed that aNSCs undergo different modes of division, and the change in the division mode of aNSCs after an injury leads to increased neuronal production. In addition, we identified a new mode of neurogenesis in the intact adult brain, in which a single aNSC directly differentiates into a neuron 23 . This type of behavior had not been detected with previous methods, thus emphasizing the importance of in vivo imaging as a powerful technology for reliably and accurately identifying behaviors of individual cells that are difficult to observe with static methods.
The protocol that we describe in Figure 2 and the following procedure can be further applied to study molecules and pathways that maintain the behavior of aNSCs in the intact or the damaged brain, and to test compounds that can potentially modulate this behavior in vivo.
Experimental design
We used laser scanning microscopy to observe aNSCs located at the surface of the everted zebrafish telencephalon, as it provides good cellular resolution and tissue penetration 33 . Confocal microscopy was sufficient to clearly observe cells that were located close to the ventricle, such as aNSCs 23 . However, to follow the progeny of aNSCs deposited below the VZ (which harbors aNSCs), we preferred two-photon microscopy, as the tissue penetration depth is greatly increased 34 .
We used a zebrafish line with reduced pigmentation (brassy) 35 to avoid the interference of the autofluorescence from the pigments. Importantly, pigmentation mutants used in in vivo imaging 23, 36 , such as brassy and casper 37 , do not differ in aNSC proliferation from the wild-type strains (Supplementary Fig. 1a ; ref. 36 ), which are typically used for the analysis of aNSCs in the intact and regenerating zebrafish adult telencephalon 1, 5, 13, 26, 30 .
To further improve the detection depth, we additionally removed the skin and thinned the skull above the imaged area. This skullthinning procedure was preferable as compared with the implantation of a cranial window, as reported in rodents 38 , or with the simple removal of the skull, in order to avoid an immune response and/ or activation of microglia, as observed after skull removal (Supplementary Fig. 1 ). The skull thinning also allows the stem cell niche to be kept intact. Indeed, we did not observe any change in aNSC proliferation, and no evidence of damage to the brain tissue or microglia activation after skull thinning was observed in the established protocol ( Supplementary Fig. 1b-f) .
The aNSCs in the zebrafish telencephalon express GFAP. To visualize these cells, we took advantage of the transgenic line Tg(gfap: GFP)mi2001 (ref. 39) , in which GFP is expressed in the aNSCs and maintained in the NSC-derived progeny 23, 30 (Fig. 1b) . As each aNSC expresses GFP in the dorsal telencephalon, it is difficult to properly re-identify the same cell in repetitive imaging sessions. To overcome this limitation, we electroporated cells at the brain surface (most of them being aNSCs) with plasmids expressing a red fluorescent protein under the control of the ubiquitous cytomegalovirus or ubiquitin promoters ( Table 1) . In contrast to other procedures 40 , we inject our plasmid directly at the caudal region of the dorsal telencephalon ventricle in order to achieve a maximum plasmid concentration at the telencephalic VZ (Step 6), allowing efficient cell labeling for live imaging. This procedure allows easy and reliable re-identification of imaged cells throughout the consecutive imaging sessions, because of their sparse distribution pattern. On the basis of cell morphology and gfap:GFP expression, we can distinguish aNSCs (radial morphology, gfap:GFP-positive) from their progeny (nonradial morphology) (25% of cells without radial morphology also did not express GFP from the gfap:GFP transgene; see Barbosa et al. 23 ; Fig. 1b) .
After the last imaging session, we sacrifice the animals and perform immunohistochemistry (IHC) with aNSC and neuronal markers to assess the final identity of the cells ( Fig. 2; Table 2 ). Here we performed postimaging staining in whole telencephali, cleared them using the benzyl alcohol:benzyl benzoate (BABB) method 41 and imaged them using a confocal microscope. This procedure allowed us to keep the spatial distribution of the labeled cells identical of single aNSCs and their progeny. Therefore, it has a mediumthroughput capacity, in contrast to a recently published highthroughput imaging technology 36 . However, our technology offers the capacity to follow complex changes in the aNSC behavior, direct neurogenesis or change in the mode of division 23 . to the distribution during live imaging and therefore allowed the reliable re-identification of imaged cells stained for the identity markers (Fig. 1b) . We imaged the same fish every second day for 1 month, but we do not envision any obstacles to extending the imaging period.
Limitations of the protocol
Laser scanning microscopy can cause photobleaching/damage with repetitive imaging, and its image acquisition is relatively slow 33 ; however, these limitations are not particularly relevant for the protocol that we present here, as the areas of interest are imaged only once every 2 d. Our repetitive imaging, at a 2-d frequency, allowed us to observe behaviors such as cell division and direct conversion of a cell into another cell type. However, our protocol is not suited for studying fast cellular processes such as microglia reaction to injury, mitochondria positioning, the angle of cell division or the distribution of cell fate determinants into daughter cells during division. To observe these types of behaviors, one should conduct uninterrupted imaging, which would require an improvement in the anesthesia protocol to allow survival of the animals for a longer time (for more alternatives, see Xu et al. 42 ).
Another limitation in our technique is that the two-photon laser used here allows imaging up to only 200 µm in depth. Therefore, cellular events that occur in the deep parenchyma or in the ventral VZ cannot be followed, including the behavior of the NSCs located in the posterior pallium and in the subpallium 1, 5 . In addition, our protocol aims at the detailed imaging of the behavior • Fixing solution Add one part of DMSO to four parts of methanol. ! cautIon Methanol is highly inflammable and toxic through ingestion, inhalation or absorption through the skin. Handle it carefully under a hood and with protection gloves. We usually prepare 50 ml of solution and store it at RT, protected from light, for up to 1 month. Bleaching solution Add one part of H 2 O 2 to two parts of fixing solution. ! cautIon H 2 O 2 is harmful to the skin and eyes, and is corrosive. Use gloves when handling it. We usually prepare 50 ml of solution and store it at 4 °C, protected from light, for up to 1 month. Blocking solution The blocking solution is 5% (vol/vol) heat-inactivated NDS, 75% (vol/vol) PBS and 20% (vol/vol) DMSO. We usually prepare 50 ml of solution and store it at 4 °C, protected from light, for up to 1 month. BABB Add one part of benzyl alcohol to two parts of benzyl benzoate (50 ml). ! cautIon Both benzyl alcohol and benzyl benzoate are harmful substances that should be handled carefully with gloves. Avoid contact with eyes. We usually prepare 50 ml of solution and store it at RT, for up to 6 months. Fish water We use Instant Ocean Sea Salt diluted in distilled water to prepare the fish facility water. Ensure that the pH is within the range of 6.8-7, with conductivity between 680 and 730 µS, and that the temperature is between 26 and 28 °C. Briefly, an air pump keeps the anesthesia solution and the fresh water for fish recovery constantly aerated (blue arrows). The water flows from the anesthesia bottle to the fish's mouth to maintain its survival and the anesthetized state. To remove the excess liquid from the Petri dish, water is pumped out of the dish using a peristaltic pump that at the same time transports the water back into the anesthesia bottle. The water flow is represented with red arrows. After the imaging session, the fish is allowed to recover in the tank with fresh aerated water. (g-l) Our in vivo imaging setup (g) with close-up views of the bottle containing the intubating anesthesia solution (h), the air pump (i), the aerated water container used to awaken the fish (j), the positioning of the fish for imaging (k) and the peristaltic pump (l). The yellow outlines and letters in g correspond to panels h, i, k and l and indicate the positions of those items in the final setup.
(nuclear localization) and pCS2-tdTomatomem (cloned in-house; see Barbosa et al. 23 ). Before injection, dilute the plasmids in water to a concentration of ~800 ng plasmid/µl, and add 3% (vol/vol) Fast Green stock solution (1 mg/ml) to color the solution. For a better visualization of cells' morphology, we prefer using a plasmid with membrane-tagged TdTomato (Supplementary Fig. 2 ). EQUIPMENT SETUP Sponge preparation To immobilize animals for injections and electroporations, we used a sponge. We created embedding space for the fish by making a longitudinal cut in the sponge (Supplementary Fig. 3 ). Electroporation/injection Pull the glass capillary (Harvard Apparatus, cat. no. 30-0016) using a needle-puller device (model PC-10, Narishige), in one step at 68.5 °C, to obtain an injection needle. The injection should be done with the FemtoJet pressure injector at an injection pressure of 200 hPa and at a constant pressure of 0 hPa, for 5 s (per animal). Set the electroporator to give five pulses at 40 V lasting 50 ms each at 1-s intervals (Fig. 3) . Imaging Prepare the fish-immobilizing device (imaging device) by cutting the thinner end of the plastic Pasteur pipette according to the fish's size (Fig. 4) . Cuts can be made at different distances from the pipette's end to allow the immobilization of fish of different sizes. Cut out a semicircle to expose the animal's head (Fig. 4b) . Glue the cut Pasteur pipette to a 6-cm plastic Petri dish (Fig. 4c) . To allow the fish's intubation during the imaging procedure, open a small hole in the lateral surface of the Petri dish with a hot needle (Fig. 4c) . The opening should face the position of the fish's mouth. 2| Prewet the sponge in fish water containing anesthetic (0.02% MS222).
3|
Put the fish in water containing 0.02% MS222 (working solution) until its gills do not move. ! cautIon All experiments have to be performed according to the local animal handling guidelines and regulations.
4|
Transfer the animal to the sponge, with the dorsal side up.
5|
Carefully make a small hole in the skull, in the area between the telencephalon and the optic tectum, using the micro-knife ( Fig. 3a; supplementary Video 1).  crItIcal step The hole must be as small and superficial as possible, to avoid damaging the brain surface and to allow the needle entry. Use the sharp and pointed tip of the micro-knife to slightly depress the skull in order to make the hole for plasmid injection.
6|
Insert the glass needle into the hole in the skull ( Fig. 3b; supplementary Video 2), and inject the plasmid solution into the telencephalic ventricle that is right below the hole (~0.5 µl of solution = 400 ng of plasmid per fish) at a pressure of 200 hPa. Make sure that the green plasmid solution spreads throughout the ventricle ( Fig. 3b; supplementary Video 2).  crItIcal step Make sure that the needle remains within the telencephalic ventricle and that it does not penetrate the brain tissue. As the brassy line has reduced pigmentation, it is possible to see the tip of the glass needle through the skull ( Fig. 3b; supplementary Video 2; sagittal scheme). The needle should be inserted as superficially as possible.
? troublesHootInG 7| Perform electroporation by placing the positive electrode at the ventral side of the fish's head and the negative electrode on the dorsal side ( Fig. 3c) and giving five pulses at 40 V for 50 ms each at 1-s intervals.  crItIcal step Hold the fish firmly between the two electrodes, in order to ensure the successful flow of the electric current and to achieve proper labeling (supplementary Fig. 2 ).
8|
Allow the animal to recover in fresh aerated fish water (~3 min). Using this protocol, we have observed the expression of the reporter protein as quickly as 24 h after the electroporation, but the number of expressing cells can increase with time after electroporation, which is why we do not start imaging until at least 3 d after labeling.
skull thinning • tIMInG ~3-5 min (per fish) 9| One day before imaging for the first time, put the fish in water containing 0.02% MS222 (working solution) until its gills do not move. ! cautIon All experiments have to be performed according to the local animal handling guidelines and regulations.
10|
Carefully remove the skin and thin the skull of the anesthetized fish in the area above the telencephalon, using a micro-driller for no longer than 1 min, until the skull appears dull (Fig. 4d,e; supplementary Fig. 4 ; supplementary Video 3). Allow the fish to recover in fresh water. As the skin regenerates, this procedure should be repeated once per week to ensure good visualization of the cells.  crItIcal step It is important to be gentle, to avoid breaking the skull and damaging the brain. Because of the bleeding that occurs during this step, the thinning should be performed 1 d before the imaging session.  crItIcal step Fish should be checked every day after surgery and scored for abnormalities (including unusual swimming behavior, visible injury or bleeding, abnormal gill movement and so on). We did not find any of these abnormalities between the imaging sessions. If any abnormalities are observed, contact your veterinarian for advice.
In vivo imaging • tIMInG ~20-30 min (per fish per imaging session) 11|
Prepare the anesthesia solution (0.015% MS222 in water) and the intubating solution (0.012% MS22 in water). Aerate the intubating solution (to maintain appropriate oxygenation of the fish's gills during the procedure; Fig. 4f,g ). Prepare the fresh water for faster recovery of the animal after the procedure (Fig. 4j) .
12| Connect the blunt-ended needle to the tube that comes out of the intubating solution bottle (Fig. 4k) and regulate the flow to ~1 drop per second. Set the peristaltic pump (Fig. 4l) to a similar flow in order to collect the solution from the dish back to the bottle with the intubating solution (Fig. 4f,h ).
13|
Place the fish inside the anesthesia solution and wait for ~4 min (or until there is no movement of the gills).
14|
Put the anesthetized fish in the imaging device appropriate for its size and place it under the microscope objective (Fig. 4k) .
15|
Slowly introduce the blunt-ended needle connected to the intubating solution into the fish's mouth (Fig. 4k) for the anesthesia and oxygenation of the gills during the whole imaging procedure.  crItIcal step It is very important to make sure that the needle is well fixed and that it does not move, to keep the fish in the same position and to ensure its survival. Our experience is that the imaging time should not exceed 30 min in order to guarantee the survival of the fish.
16|
In complete darkness, start the scan with the two-photon laser. For exciting/detecting gfap:GFP and TdTomatomem, we used a wavelength of 1,010 nm. However, different wavelengths should be tested for different combinations of fluorescent probes. ? troublesHootInG 17| Take a low-magnification picture (zoom 1×) to obtain a general overview of the cells' distribution that can be used later for orientation purposes (Fig. 5a) . Afterward, take a high-magnification picture of the cells of interest (Fig. 5b). 18| For a good compromise between image quality and time of acquisition, acquire the optical sections with a resolution of 800 × 800 pixels in the x-y dimension and 2 µm in the z-dimension. Adjust the laser intensity according to depth, to make sure that the signal intensity remains high. We typically applied an increment of 15% in the laser power within 200-µm depth.
19|
After acquiring the image, place the fish in the tank with fresh aerated water, to allow fast recovery (Fig. 4f,j) . It should take ~5 min for the fish to wake up. ? troublesHootInG 20| Perform the same procedure (Steps 11-19) for each fish in every imaging session.  crItIcal step The frequency of repetitive imaging sessions and the total duration of the experiment depend on the type of behavior the researcher wants to observe. We tested imaging only every 2 d, for up to 1 month after the first session. However, we do not anticipate any complications if the imaging procedure is extended. The imaged area in each fish was reliably identified on the basis of the general distribution pattern of electroporated cells (observed in the low-magnification picture from the previous time point; see Fig. 5 ) and/or pigmented cells (supplementary Fig. 5 ).
postimaging IHc • tIMInG ~1 week 21| After the last imaging session, sacrifice the fish by MS222 overdose (0.02% of MS222, exposure until there is no movement of the gills). 22| Dissect the brain and fix it for 4-5 h in 4% (wt/vol) PFA at 4 °C. We prefer putting each brain into a 2-ml tube and performing all following steps in the same tube with identification of each brain. ! cautIon PFA is a potent fixative, and it should be handled carefully and only inside a fume hood.
Rostral
23| Rinse (for a few seconds) the brain three times in PBS and incubate it at 4 °C in bleaching solution (Reagent Setup) with rotation for 24 h.
24| Rinse (for a few seconds) the brain five times in methanol and incubate it at 4 °C in fixing solution (Reagent Setup) with rotation for at least 24 h.  pause poInt The brain can be stored in this solution at 4 °C until further processing. We stored brains up to 1 month.
25| Rinse (for a few seconds) the brain three times in PBS and wash it three times for 1 h each with PBS at RT with rotation.
26|
Incubate the brain with primary antibody diluted in block buffer (Reagent Setup) for ~60 h at 4 °C with rotation.
27| Rinse (for a few seconds) the brain three times in PBS and wash it five times for 1 h each with PBS at RT with rotation.
28|
Incubate the brain with secondary antibody diluted in block buffer for ~24 h at 4 °C with rotation. Protect this solution from light.
29| Rinse (for a few seconds) the brain three times in PBS and wash it five times for 1 h each with PBS at RT with rotation.
30|
Remove half of the PBS and add an equal volume of methanol to the tube. Incubate the mixture for 10 min.
31| Wash the brain in methanol three times for 20 min each.
32|
Remove half of the methanol and add an equal volume of BABB solution to the tube. Incubate the mixture for 10 min. ! cautIon BABB is toxic. Therefore, all Steps from 32 to 35 should be performed under the fume hood and with extra care.
33|
Prepare the mounting chamber by cutting a small square in a piece of silicone sheet (Fig. 6) . Glue this piece of silicone sheet to one glass coverslip. 
34|
Move the brain to a Petri dish to facilitate its handling. With forceps, carefully separate the telencephalon from the rest of the brain and transfer it to the small hollow square in the silicone sheet.
35| Add a drop of BABB to fill the hollow square where the telencephalon is, remove the top sticky layer of the silicone sheet and glue another coverslip on top of the silicone, to close the chamber (Fig. 6a,b) . Attach the coverslip containing the chamber to a slide with Parafilm ( Fig. 6b) . At this point, the telencephalon should be transparent (compare the brain before ( Fig. 6c) and after ( Fig. 6d) this step).  crItIcal step For optimal image acquisition, mount the sample in the desired orientation and avoid air bubbles.
? troublesHootInG 36| Acquire images at the desired magnification and resolution. We acquired images with an Olympus FV1000 cLSM system, using the FW10-ASW 4.0 software (Fig. 6e) . The system was equipped with laser diodes of 405, 559 and 635 nm and a multiline argon laser (458, 488 and 515 nm; Optronics). For higher magnifications, we used a long-working-distance objective (LUMPLFL, 40×, 0.8 NA, Olympus; ? troublesHootInG Troubleshooting advice can be found in table 3. To generate the lineage trees for each cell (Fig. 7c) , we assigned a different color to each cell identity (e.g., green for aNSCs, dashed black for gfap:GFP-positive cells without radial morphology and black for gfap:GFP-negative cells without radial morphology; see Fig. 1b ). Then we plotted the colored line over time, according to what we observed at each time point for each individual cell. A horizontal line marked a cell division event (Figs. 1b and 2) . We were previously able to describe NSC behaviors such as cell division (including different division modes), cell death, direct conversion and quiescence, not only in the intact brain but also during regeneration 23 . Depending on the biological question that is asked and the type of experiment performed, the number of animals needed to obtain sufficient numbers of analyzed cells is variable.
In our initial publication, we used 31 and 15 animals for the intact and the injured conditions, respectively 23 .
To directly confirm the neuronal fate of the aNSC progeny, we electroporated plasmids also in Tg(HuC:GFP) fish 44 , in which GFP is expressed under the control of the neuron-specific promoter HuC 23 . This protocol can be further extended to different cell types, by the use of different transgenic lines and/or constructs expressing fluorescence reporter in a cell-specific manner.
This imaging protocol is also useful for investigating different molecules (agonists or antagonists of various signaling pathways) that affect the behavior of the different cell types present in the neurogenic niche and that can potentially be applied to therapeutic purposes. Antibodies require a special pretreatment
Optimize the conditions for staining with each new antibody by testing different pretreatments (antigen retrieval, DNA depurination and so on)
